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!NTRODUCT!?N 
The r a p i d  d e p l e t i o n  o f  gaseous and l i q u i d  f o s s i l  f u e l s  has focused a t t e n t i o n  

on t h e  problems assoc ia ted  w i t h  u s i n g  t h e  e x i s t e n t  v a s t  q u a n t i t i e s  o f  coal -substances 
f o r  e q u i v a l e n t  purposes, e.g. t h e  p r o d u c t i o n  o f  energy and as a source o f  u s e f u l  
carbon compounds. A l though  o u r  p r i m a r y  i n t e r e s t  he re  i s  i n  t h e  l a t t e r  area, t h e  
ideas presented may have u s e f u l  i m p l i c a t i o n s  i n  c e r t a i n  aspects  o f  t h e  former.  

ammonia as a means t o  s o l u b i l i z e  r e l a t i v e l y  l a r g e  f r a c t i o n s  o f  coal -substances a t  
low temperatures and thereby p r o v i d i n g  (1) a method o f  o b t a i n i n g  p o t e n t i a l l y  use fu l  
ca rbon-con ta in ing  compounds d i r e c t l y  and ( 2 )  i n f o r m a t i o n  on t h e  chemical  n a t u r e  of 
t h e  o r i g i n a l  coal -substance.  

The Chemical Na tu re  o f  Coal-Substances 
t h a t  coal -substances o r i g i n a t e d  p r i m a r i l y  f rom 

p l a n t s  through a s e r i e s  o f  e v o l u t i o n a r y  changes. The p l a n t  m a t t e r  i s  t rans fo rmed  
s e q u e n t i a l l y  i n t o  humic ac id ,  peat ,  l i g n i t e ,  subbi tuminous coa l ,  b i t um inous  coa l ,  
and a n t h r a c i t e .  Dur ing  t h i s  s e r i e s  o f  t r a n s f o r m a t i o n s ,  t h e  carbon c o n t e n t  increases 
w h i l e  t h e  oxygen con ten t  decreases. 
substances i s  unknown ( i ndeed  i t  may be unknowable i n  t h e  chemical sense) 
i t  may be d e r i v e d  f rom a v a r i e t y  o f  sources by numerous combinat ions of p h y s i c a l  
and/or  chemical processes which l e a d  t o  a n e a r l y  cont inuous v a r i a t i o n  o f  m i x t u r e s  
of ca rbon-con ta in ing  ( 1 )  compounds. Nonetheless,  a comb ina t ion  o f  t echn iques  has 
l e d  t o  t h e  i d e n t i f i c a t i o n  o f  b road  c l a s s e s  o f  compounds p r e s e n t  i n  coal -substances;  
-- v iz . ,  waxes, r e s i n s ,  terpenes,  c e l l u l o s e ,  p r o t e i n ,  f l a v o n o i d s ,  t ann ins ,  l i g n i n s ,  
a1 k a l o i d s  and s t e r o l s  as deduced f rom s o l v e n t  e x t r a c t i o n  s t u d i e s ,  (2)  p recu rso rs  
of t h e  h e t e r o c y c l e  n i t r o g e n  bases, o b t a i n e d  by vacuum d i s t i l l a t i o n  o f  c o a l  t a r ,  ( 3 )  
and humic a c i d s  ( 4 ) .  A l a r g e  p o r t i o n  o f  carbon p resen t  i n  coa l  occu rs  i n  t h e  form 
of s a t u r a t e d  6-membered condensed r i n g  systems (napthenes)  l i n k e d  t o g e t h e r  by oxygen 
b r i d g e s  ( 4 ) .  Chemical a n a l y s i s  i n v o l v i n g  a v a r i e t y  o f  s tandard  methods (5 )  has 
shown t h a t  coal -substances c o n t a i n  -OH groups (p redominan t l y  as p h e n o l i c  u n i t s ) ,  car-  
b o x y l i c  (as me ta l  s a l t s ) ,  e the r ,  and ca rbony l  groups i n  v a r y i n g  p r o p o r t i o n s  depend- 
i n g  upon t h e  r a n k  o f  t h e  sample; n i t r o g e n  ( 6 )  i s  b e l i e v e d  t o  e x i s t  a lmos t  complete ly  
i n  c y c l i c  s t r u c t u r e s  whereas s u l f u r  (6d, 7) appears as t h i o e t h e r s  ( - S - )  o r  b i s  
t h i o e t h e r s  (-S-S-)  groups. A model s t r u c t u r e  ( 8 )  f o r  t h e  coal -substance which 
summarizes t h e  r e l a t i o n s h i p  among t h e  known f u n c t i o n a l  groups, c o n s i s t s  o f  6-7 
a romat i c  r i n g  c l u s t e r s  h e l d  t o g e t h e r  by s a t u r a t e d  carbon cha ins  (1-4 atoms l o n g ) ,  
e t h e r s ,  s u l f i d e s ,  d i s u l f i d e s  and b i p h e y l  groups; t h e  model suggests  a predominant ly  
2-d imensional  s t r u c t u r e  i n  t h e  v i c i n i t y  o f  t h e  6-7 a romat i c  r i n g s ,  b u t  t h e  i n d i v i -  
dual  a romat i c  s e c t i o n s  a r e  n o t  n e c e s s a r i l y  co-p lanar .  

The S o l v e n t  P r o p e r t i e s  o f  L i q u i d  Ammonia 

t i v e  forces which e x i s t  between s o l u t e  and s o l v e n t ,  s o l v e n t  and s o l v e n t ,  and s o l u t e  
and s o l u t e ;  t h e  a t t r a c t i v e  f o r c e s  i n  t h e  f i r s t  i n s t a n c e  f a v o r  t h e  s o l u b i l i t y  o f  one 
substance i n  another ,  whereas t h e  l a s t  two types o f  i n t e r a c t i o n s  oppose s o l u b i l i t y .  
Because of i t s  moderate d i e l e c t r i c  cons tan t ,  h i g h  d i p o l e  movement, a b i l i t y  t o  hydro- 
gen bond, and r e l a t i v e l y  h i g h  b a s i c i t y ,  l i q u i d  ammonia i s  a remarkably  v e r s a t i l e  
s o l v e n t  ( 9 ) .  
prodace s o l i i b l ?  p r o d x t s  a l s o  p r o v i d e s  an a d d i t i o n a l  advantage i n  t h e  s o l u b i l i z a t i o n  
processes. 

The genera l  s t r a t e g y  i n v o l v e s  u s i n g  t h e  unusual s o l v e n t  p r o p e r t i e s  o f  l i q u i d  

It i s  g e n e r a l l y  conceded 

The p r e c i s e  chemical compos i t i on  o f  c o a l -  
because 

S o l u b i l i t y  i n  a two-component system i n v o l v e s  a c o n s i d e r a t i o n  o f  t h e  a t t r a c -  

The p o t e n t i a l  o f  ammonia t o  r e a c t  w i t h  c e r t a i n  f u n c t i o n a l  groups t o  
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A consideration (9)  of the  polar i ty  of the  ammonia molecule a s  well a s  
the dispersion forces generated by i t  suggest t h a t  amnonia should be a good solvent 
f o r  covalently bound polar groups. In addition, arguments (9 )  based on internal 
pressure considerations (10) ind ica te  t h a t  aromatic hydrocarbons and molecules 
containing polarizable atoms should exhib i t  a reasonable degree of so lub i l i t y  i n  
l iqu id  ammonia. Molecules which contain highly polar functional groups such as  
the carbonyl moiety (aldehydes, ketones, acid amides, and e s t e r s )  t h a t  can in t e rac t  
Strongly w i t h  the solvent dipole might be expected to  in t e rac t  strongly with ammonia. 
In addition, a n  enhancement of so lub i l i t y  would be expected i n  the  presence of groups 
which can form hydrogen bonds t o  ammonia ( X - H  
secondary amines) o r  be hydrogen-bonded by amnoni!Hfi - - e H N H 2 ,  e.g., e thers ,  
t e r t i a r y  amines, oxygen functions,  and nitrogen heterocycles).  
possessing acidic hydrogen atoms such a s  carboxylic acids o r  phenolic groups reac t  
with l iqu id  ammonia t o  form ammonium s a l t s  which should be soluble i n  l iqu id  amnonia. 

The so lub i l i t y  principles developed here a re  i l l u s t r a t e d  by the data suma- 
rized i n  Table 1; these data a re  se lec ted  examples of a more extensive se r i e s  ava i l -  
able ( 9 ) .  

of dissolving subs tan t ia l  f r ac t ions  of coal substances i n  l iqu id  ammonia under mild 
conditions using Rockdale (Texas) l i g n i t e  f o r  our preliminary experiments. 

EXPERIMENTAL 

l iqu id  ammonia i s  shown in Figure 1. 
a Whatrnan extraction thimble which i s  then sealed by a s t a p l e ,  Sealing the extraction 
thimble prevents accidental mixing of the  so l id ,  unextracted l i g n i t e  w i t h  amnonia. 
The thimble i s  placed in a conventional Soxhlet ex t rac tor ;  a condensing Dewar placed 
on top of the Soxhlet ex t rac tor  and an empty f lask  placed below. T h e  e n t i r e  appara- 
tus i s  purged with anhydrous gaseous ammonia; then a dry i ce  slush i s  added to the  
Dewar condenser on top, allowing the ammonia t o  condense and dr ip  from the Dewar 
condenser onto the sample in the  thimble. 
layer of i ce  condenses on the  outside of the apparatus. 
extraction i s  complete (25% by weight) f o r  ca. 100 mesh samples. Extraction was 
conducted on samples weighing u p  t o  50 grams. 

ammonia solution, and the  brown-black ammonia solution were l e t  stand i n  a i r  un t i l  
only so l id  residue remained. 
we term "treated l i gn i t e " ,  whereas t h a t  which dissolved in  the ammonia we term the  
ammonia extract .  

were obtained us ing  an NT200 spectrometer. 

both Beckman IR5A and Beckman IR9 spectrometers. 

e.g. alcohols,  primary, and 

Lastly,  molecules 

I t  i s  from this point of view t h a t  we decided t o  inves t iga te  the poss ib i l i ty  

The apparatus used f o r  ex t rac t ion  of Rockdale (Texas) l i g n i t e  with pure 
The l i g n i t e  ground t o  100 mesh i s  placed in  

As ext rac t ion  continues, an insulating 
After s i x  to  ten hours the  

After ex t rac t ion  of the l i g n i t e  was complete, the  prec ip i ta ted  t a r  from the 

The l i g n i t e  remaining in the extraction thimble .(75%) 

Proton magnetic resonance spectra on d6-DMS0 solutions of the ammonia ex t rac t  

Infrared spectra of the samples prepared a s  KBr pe l l e t s  were obtained with 

Elemental analysis was conducted a t  Schwarzkopf Microanalytical Laboratory, 
Inc. 

OBSERVATION AND RESULTS 
The addition of ammonia gas t o  the  system described in Figure 1 led to  

warming of the l i g n i t e  sample. Later,  when the f i r s t  drops of l iqu id  amnonia f e l l  
on the  l i gn i t e , - the  outside of the  Soxhlet ex t rac tor  became qui te  h o t .  I t  was a t  
th is  time tha t  spa t te r ing  of the  l i g n i t e  sample took place in open extraction thimbles 
which led us to the current method of sea l ing  the  thimbles. After about 10-20 
minutes, the Soxhlet ex t rac tor  was cooled by the l iquid ammonia t o  below room tempera- 
ture. 
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An extraction was attempted a t  room temperature using a pressure bomb. 
After several days, the mixture was f i l t e r e d  a t  room temperature, yielding 26% 
ext rac t  and 74% sol id  residue ( t r ea t ed  l i g n i t e ) .  
from extraction a t  -33OC was a brown powder; the so l id  obtained a t  room temperature 
was black and lustrous.  However, when the  -33oC ammonia ex t r ac t  was dissolved in 
DMSO, which was then allowed t o  slowly evaporate, the appearance o f  the resu l t ing  
product was ident ica l  t o  the  room temperature reaction. 

p r ~ l i x i ~ a r y  Gc-mass spectrcscopic d a t a  indicated t h a t  the  DMSO soluble 
ex t r ac t  contains well over 100 compounds, none of which could be resolved su f f i -  
c ien t ly  for  ident i f ica t ion .  
t ions a t  7.5, 1 . 2  and 0.9 T (downfield from TMS). The r a t i o  of the area of the 
7.5 T absorbance to the  sum of the areas of the  1.2 T and 0.9 T absorbances, which 
i s  usually assigned as the r a t i o  of a l ipha t i c  t o  aromatic protons, was -1.3 f o r  the 
ammonia-soluble f rac t ion .  

Elemental analysis (Table 2)  suggests t h a t  a t  l e a s t  some components i n  the 
l i g n i t e  react with l iqu id  ammonia, since both the ex t rac t  and the t rea ted  l i g n i t e  
exhib i t  increased nitrogen content as well as increased atomic H / C  r a t io s .  The 
increased content of sulphur in the ex t r ac t  suggests preferen t ia l  ex t rac t ion  of 
those portions of the l i g n i t e  with a high hetero-atom content. 

The so lub i l i t y  behavior of the t rea ted  l i g n i t e  and the  ammonia ex t rac t  
shows gross differences from the  so lub i l i t y  behavior of the untreated l i g n i t e .  
The untreated l i g n i t e  and t rea ted  l i g n i t e  a re  not t o t a l l y  so luble  i n  any solvent 
attempted, b u t  they a re  both par t ly  soluble i n  pyridine. 
enhanced so lub i l i t y  in DMSO and dimethylformamide, which a r e  considered good solvents 
fo r  high molecular weight substances. The ammonia ex t r ac t  i s  a t  l e a s t  par t ly  soluble 
a t  room temperature i n  a l l  solvents tes ted  except water. 

Whereas the so l id  ex t rac t  obtained 

Pro ton  magnetic resonance spectroscopy revealed absorp- 

The t rea ted  l i g n i t e  has 

DISCUSSION 

experiments i s  the  so lub i l i t y  cha rac t e r i s t i c s  o f  functional g roups  i n  ammonia. We 
might expect t h a t  the lower rank coal-substances l i k e  l i g n i t e ,  which have a higher 
oxygen content, presumably in the  form o f  functional groups t h a t  enhance so lub i l i t y ,  
would have a moderate s o l u b i l i t y  i n  anmionia. Another consideration i s  the a b i l i t y  
of ammonia t o  reac t  with cer ta in  functional groups, breaking a la rge  uni t  in to  two 
smaller m o i e t i T F o r  example, ammonia reac ts  with e s t e r s  (12) t o  c rea t e  alcohols 
and amides (scheme 1 )  both of which should exhib i t  high ammonia so lub i l i t y .  
e s t e r s ,  or 

As mentioned in the in t roduct iob  one important consideration i n  these 

I f  

0 
R - C 4  + R ' - O H  //o 

'0 - R '  \ N H ~  
R - C  NH3 ' 1)  

s imi la r  compounds, a re  cons t i tuents  of coa l ,  ammonia wi l l  r eac t ,  breaking the  coal 
in to  smaller fragments. 
t ion of t h i s  coal-substance provides phenols, t h u s  supporting the poss ib i l i t y  tha t  
some of the l inking groups i n  Rockdale (Texas) l i g n i t e  a r e  e s t e r s  o r  e thers .  
Further support can be inferred from the observation t h a t  a saturated DMSO solution 
of the  ammonia ex t r ac t  i s  more highly colored than a sa tura ted  solution of untreated 
l i g n i t e  i n  DMSO. T h i s  observation implies t ha t  upon ex t rac t ing  w i t h  ammonia reac- 
t ions  took place, changing the  nature of the remaining l i g n i t e  a s  well as  the  
ammonia ex t r ac t ,  and creating niore soluble moieties. 

Yasukatsu Tamai and co-workers (12,14) t rea ted  bituminous coal w i t h  l iquid 
mlmonia; no more than 4% of the  coal was ac tua l ly  extracted in to  the  ammonia a t  100- 
12CrC. 
carbon r a t io s  of from 0.55 t o  0.98. The ammonia ex t rac t  always had a s ign i f icant ly  
higher atomic H!C r a t i o ,  whereas the t rea ted  coal maintained apprnximately the same 

A recent study (11) on Texas l i g n i t e  showed t h a t  hydrogena- 

I t  i s  in te res t ing  t o  note t h a t  t h e  coals they used had atomic hydrogen to  
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H / C  r a t i o  as t h e  u n t r e a t e d  coa l .  The same genera l  t rends  a re  found f o r  o u r  l i g n i t e  
experiments (Table 3 ) ,  a l t hough  l i g n i t e  has a much h i g h e r  H/C r a t i o ,  t hus  perhaps 
e x p l a i n i n g  the g r e a t e r  amount e x t r a c t e d  by  ammonia. I t  shou ld  be no ted  t h a t  o u r  
method p rov ided  con t inuous  e x t r a c t i o n  o f  100 mesh p a r t i c l e s  whereas Matida, e t . a l .  
(13)  e x t r a c t e d  l a r g e r  p a r t i c l e s  by 5 success ive c o n t a c t s  o f  pure ammonia f o r  one 
hour  each. 
t he  lower  temperature i nvo l ved ,  b u t  n o t  as g r e a t  a d e v i a t i o n  as i s  observed. 
d i f f e r e n c e  must be accounted f o r  i n  t h e  chemical  d i f f e r e n c e  between l i g n i t e  and 
b i tuminous coal . 
e x t r a c t s  o f  Tamai and co-workers; i n f r a - r e d  bands a t  3300, 1720 and 1660 cm-l a r e  
c h a r a c t e r i s t i c  o f  t h e  ammonia e x t r a c t  o b t a i n e d  f r o m  coa l .  
methanol so ub le  p o r t i o n  o t h e  e x t r a c t  has broad bands a t  1640 cm-l w i t h  a shoulder  

A p r i o r i ,  o u r  method would be expected t o  e x t r a c t  more t h a n  t h i s  even a t  
The 

There a r e  s i m i l a r i t i e s  t o  o u r  l i gn i te -ammon ia  e x t r a c t  and t h e  coal-ammonia 

In o u r  exper iment  t h e  

a t  1700 cm-l,  and 3400 cm- f w i t h  a shou lde r  a t  3200 cm-l; t h e  C-H s t reaches a r e  a l l  

broad band a t  14 0 CII-~, l a r g e  broad bands a t  1620 and 1700 cm-?, l a r g e  bands 
a t  2950-2980 cm- 7 and a l a r g e  broad band a t  3400 cm- . 
below 3000 cm-l. The mmonia e x t r a c t  i t s e l f  had a ng band a t  13 0 cm-l, a sma l l  

The p r imary  d i f f e r e n c e  i n  t h e  i n f r a r e d  s p e c t r a  o f  t h e  u n t r e a t e d  l i g n i t e  and 
of t h e  ammonia e x t r a c t  was t h e  growth o f  t h e  band a t  1380 cm-1 and a decrease i n  t h e  
r a t i o  o f  he igh ts  o f  t h e  bands a t  3400 cm-1 t o  those a t  2950 cm-1, i n d i c a t i n g  an 
i nc rease  of a l k y l  group hydrogens t o  hetero-atom hydrogens i n  t h e  ammonia s o l u b l e  
P o r t i o n  compared t o  t h e  t r e a t e d  l i g n i t e  p o r t i o n .  
p o r t i o n  sho ed an i n c r e a s e  i n  h e i g h t  o f  t h e  band a t  3400 cm-1 r e l a t i v e  t o  t h e  bands 

O f  course, t h e  t r e a t e d  l i g n i t e  

a t  2950 cm- '9' . 
Even though t h e  i n f r a r e d  r e s u l t s  seem t o  i n d i c a t e  an i nc rease  i n  t h e  a l i -  

p h a t i c  con ten t  o f  t h e  ammonia e x t r a c t  r e l a t i v e  t o  t h e  OH and NH con ten t ,  t h e  NFlR 
r e s u l t s  i n d i c a t e  more a romat i c  p ro tons  than  a l i p h a t i c .  

CONCLUSIOI 

separated i n t o  i t s  component m o i e t i e s  by  t rea tmen t  w i t h  l i q u i d  ammonia. 
ness o f  l i q u i d  ammonia t o  b e t t e r  i d e n t i f y  l i g n i t e  components has been demonstrated. 
The s o l u b i l i t y  of d i f f e r e n t  c o a l s  shou ld  be f u r t h e r  tes ted ;  t h e  i d e n t i t y  o f  t h e  
species d i s s o l v e d  i n  the  ammonia shou ld  b e  more e x p l i c i t l y  i d e n t i f i e d .  
c u r r e n t l y  engaged i n  b o t h  t ypes  o f  exper iments.  
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Tab le  1 

S o l u b i l i t i e s  of S e l e c t e d  

Compounds i n  Liquid Amnonia 

S o l u b i l i t y  Reference 

Moderately S o i u b i e  a 

S l i g h t l y  S o l u b l e  a 

So lub le  a 

So lub le ,  35% b 

Misc ib l e  b 

Miscible  a 

Misc ib l e  a , c  

S o l u b l e  d 

Misc ib le  a 

Very s o l u b l e  a 

Atomic H / C  

? .e!? 

1.14 

1 .oo 

1 .oo 

1.11 

1.14 

2.50 

2.25 

1.17 

1.00 

C.  F rank l in  and C. A. Kraus, Am. Chem. J . ,  0, 820 (1838) .  

b)F. de C a r l i ,  Gazz. C h i m .  I t a l . ,  57, 347 (1927) .  

‘IC. Gore, Proc. Roy. SOC. (London) , 3, 441 (1872) .  

d )F .  A. White, A. 6 .  Morrison, and E. g .  E. Anderson, J. Am. Chem. SOC., 
- 46, 961 (1924).  



Table 2 
1 S o l u b i l i t i e s  o f  L i g n i t e  

Sol vent 
2__ 

Untreated Treated Amnonia 
L i g n i t e  L i g n i t e  E x t r a c t  

methyl sulphoxide I 2  P S 

py r i d i ne P P S ! 

acetone I I P 

methanol I I P 

water I I I 

chloroform I I P 

propylene carbonate I I P 

dioxane I I P 

a c e t o n i t r i l e  I I P 

ethylenediamine P3 I S 

n i  trobenzene I P P 

dimethyl fomami de I P S 

' A l l  s o l u b i l i t i e s  except where noted a t  room temperature. S = t o t a l l y  
soluble, ca. 1 mg. i n  ca. 1 m l ;  P = so lvent  becomes colored, but  no t  
a l l  o f  t he  l i g n i t e  dissolves; 
observed. 

' I f  the l i g n i t e  i s  maintained i n  contact  w i t h  DMSO a t  100°C., t h e  DMSO 
becomes colored. 
DMSO are much less  co lored than concentrated s o l u t i o n s  of the amnonia 
e x t r a c t  i n  DMSO. 

I = no d i s c o l o r i n g  o f  t he  so lvent  i s  

Concentrated s o l u t i o n s  o f  t h e  so lub le  l i g n i t e  i n  

3Ligni t e  appears t o  r e a c t  w i t h  ethylenediamine. 
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Table 3 

Elemental  Ana lys i s  

Samples - -  C H - N - s - Ash Atomic H/C 

Rockdale l i g n i t e  1 

Untreated l i g n i t e '  51.70 4.85 1.03 1.27 12.0 1.12 

Treated L i g n i t e  53.37 5.18 2.71 1.72 11 .8  1.16 

Amnonia E x t r a c t  46.46 5.36 4.45 2.74 9.0 1.37 

3 Mazachi coal 

Untreated coal  83.9 6.9 1 .5  - - 0.98 

Ammonia E x t r a c t  87.2 10.1 1.4 - - 1 .38  

Treated coal  4 83.0 6.0 1.9 - - 0.86 

'Rockdale (Texas)  l i g n i t e  has  been r e p o r t e d  t o  c o n t a i n  up t o  30% oxygen. 

*Analysis by Schwarzkopf Mic roana ly t i ca l  Laboratory.  

'M. Matida,  Y. Nishiyama and Y.  Tamai, Fuel 1977, 56, 177. 

40ne hour i n  l i q u i d  ammonia a t  120' C.  

50ne hour c o n t a c t  w i t h  u n t r e a t e d  c o a l .  
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EXTRACTlON APWRATUS 

FIGURE 1 .  
Rockdale (Texas) l igni te .  

The apparatus used for  extraction o f  
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